United States Region IlI Region Il EPA 903-R-07-005
Environmental Protection Chesapeake Bay Water Protection CBP/TRS 288/07
Agency Program Office Division October 2007

In coordination with the Office of Water/Office of Science and Technology, Washington, D.C., and the states
of Delaware, Maryland, New York, Pennsylvania, Virginia and West Virginia and the District of Columbia

2,% Ambient Water Quality
-+ Criteria for Dissolved
Oxygen, Water Clarity
and Chlorophyll a for
the Chesapeake Bay
and Its Tidal Tributaries

2007 Chlorophyll Criteria Addendum

é/"L/\A
i

November 2007 ﬁf

9 e &
L S8 1
ﬁ \\/?Eg&k \ND \LQ\ > o (J
ol Y é;;j 45 ~
e USRS
L, W W0
L (daa e
T\ 1__;&_\;1] B X
e 3 e
~, AEE
H @)\rﬂ
*’@/&@i@ Q?‘w{; 4
o e D K\ a§\3 j

ARO0007757



Ambient Water Quality Criteria
for Dissolved Oxygen, Water Clarity
and Chlorophyll a for the Chesapeake Bay

and Its Tidal Tributaries

2007 Chlorophyll Criteria Addendum

November 2007

U.S. Environmental Protection Agency
Region III
Chesapeake Bay Program Office
Annapolis, Maryland

and

Region III
Water Protection Division
Philadelphia, Pennsylvania

in coordination with

Office of Water
Office of Science and Technology
Washington, D.C.

and

the states of
Delaware, Maryland, New York,
Pennsylvania, Virginia, and
West Virginia and the District of Columbia

ARO0007758



Contents

Acknowledgments ........ .. ... . .. v
I. Introduction .. ... . . .. . 1
Literature Cited .. ...... ... ... .. ... ... .. . . 2
Il. ChlorophyllaCriteria .......... ... ... ... 3
State Water Quality Standards . ................................. 3
Deriving Scientifically Sound Numerical Chlorophyll @ Criteria . .. ... 4
Phytoplankton, Water Quality and Chlorophylla .................. 4
Chlorophyll ¢ dynamics in the mainstem Chesapeake Bay .......... 6
Chlorophyll a dynamics in the tidal tributaries and embayments ... ... 7
Scientific Basis for Numerical Chlorophyll a Criteria ............... 7
Historical chlorophyll a reference concentrations ................. 7
Dissolved oxygen impairments . .............. ... ..., 8
Water clarity impairments ........... ...t 8
Harmful algal bloom impairments ............. .. ... .......... 8
Lateratiufre Cited, .o mu coms s soms samn: sambidmns sams s 5055 8 s@a i 5 9
lll. Historical Chlorophyll a Reference Concentrations ............ 12
Rationale for 1950s-1960s Reference Period ...................... 13
Reference Concentration Derivation Approach .................... 13
Historical data sources and temporal coverage .................... 14
Modeling approach . ........ ... i e 15
Accounting for flow ...... ... .. .. . .. 15
Derivation of Reference Thresholds Based on Spatial and
Temporal Variances ............... . ... ... . ... 16
Depth-Weighted Integrated Water-Column Chlorophylle .......... 19
Historical Chlorophyll ¢ Reference Concentrations ................ 21
LACTAUFE O s« vt s s s0m s s amns s omns amins damns s.080 5 ERES 0 22

IV. Chlorophyll a Relationship to Dissolved Oxygen Impairments . 24
Literature Cited <« :cwas snws s swas swwas v noas sseas smms s emas i 35

Contents

ARO0007759



Contents

V. Chlorophyll a Contribution to Water
Clarity Impairments . ........ ... ... i i
Determining Background TSS Concentrations ....................
Ecological Relationship Between Chlorophyll @ and Water Clarity
Impairments .......... ... . ... .. ... ..
Regionalizing the Factors Contributing to Water Column Light
Attenuation . ........... . ...
Water Clarity Impairment-Based Chlorophyll @ Thresholds . ........
Literature Cited .. . .. ... ... ... . . .

VI. Chlorophyll a Concentrations Characteristic of Impairments by
Harmful Algal Blooms . .......... ... .. ... i i,
Deriving Numerical Chlorophyll Criteria ........................

Microcystis cell densities/chlorophyll a relationship ................
Lilerature-based toxin levels, cell counts and chlorophyll conversions . .
Chesapeake Bay Microcystis toxins comparison with thresholds ... ...
CART analyses assessment of risk levels . ........................
HAB Impairment-Based Chlorophyll ¢ Criteria ... ................
LAerature Clted oo o sunms suws snmas snmas smas s dnms smmas (595 i $08

VII. Chesapeake Bay Chlorophyll a Criteria and
Reference Concentrations ............... ... ... ... ... ......
Harmful Algal Bloom Impairment-Based Chlorophyll ¢ Criterion . . . .
Historical Chlorophyll @ Reference Concentrations ................
Dissolved Oxygen Impairment-Based Reference Concentrations .. ...

Water Clarity Impairment-Based Chlorophyll ¢
Reference Concentrations ...................................

Other Chlorophyll a Concentration Thresholds, Criteria,
andStandards ......... ... ...

Literature Cited . .. ......... .. ... e

VIIl. Chesapeake Bay Chlorophyll a Criteria

Recommended Attainment Assessment Procedures ............

Harmful Algal Bloom Impairment Based Chlorophyll ¢ Criteria
Assessment Procedures . ........... .. ... ... i i
SAMPLNE FEBIME 1 s+ v s simms s sis smwas v as s o ais v mas ivas s ams
Time and space dimensions .............ouvtvinvnnveennn.,
Chlorophyll a Concentration-Based Criteria Assessment Procedures . . .
Literature Cited ; c o v: cvwws ismssvmes smmws smprs smps smmws iwns s sws

ACrONYMS . e e

Appendix A: Delaware, Maryland, Virginia and the District of Columbia’s
Narrative Water Quality Standards Regulations Relevant
to Algal Related Impairments ...........................

Appendix B: Listing of Harmful Algal Species in Chesapeake Bay ........
Appendix C: States Chlorophyll a Criteria and Water Quality Standards . . . .

63
63
64
64

65

66
68

ARO0007760



Acknowledgments

This third addendum to the April 2003 Water Quality Criteria for Dissolved Oxygen,
Water Clarity and Chlorophyll a for Chesapeake Bay and Its Tidal Tributaries was
developed and documented through the collaborative efforts of the members of the
Chesapeake Bay Program’s Chlorophyll Criteria Team, Criteria Assessment Protocol
Workgroup and Water Quality Steering Committee.

PRINCIPAL AND CONTRIBUTING AUTHORS

This document resulted from the collaborative expertise and talents of the
Chesapeake Bay Program’s state agency, federal agency and academic institutional
partners. The principal (listed first) and contributing authors (listed in alphabetical
order) are listed here by chapter. Chapter 1: Richard Batiuk; Chapter 2: Tom
Malone, Arthur Butt; Chapter 3: Larry Harding, Elgin Perry; Chapter 4. Tom Fisher,
Michael Williams; Chapter 5: Chuck Gallegos, David Jasinski; Chapter 6: Peter
Tango, Jackie Johnson, Margie Mulholland and Hans Paerl; Chapter 7: Richard
Batiuk; Chapter 8: Peter Tango, Richard Batiuk and Elgin Perry.

CHLOROPHYLL CRITERIA TEAM

Tom Malone, Chair, OceansUS; Richard Batiuk, U.S. Environmental Protection
Agency Chesapeake Bay Program Office; Arthur Butt, Virginia Department of
Environmental Quality; William Dennison, University of Maryland Center for
Environmental Science; Charles Gallegos, Smithsonian Environmental Research
Center; Tom Fisher, University of Maryland Center for Environmental Science;
Larry Haas, Virginia Institute of Marine Science; Larry Harding, University of
Maryland Center for Environmental Science/Maryland Sea Grant; Margie
Mulholland, Old Dominion University; Hans Paerl, University of North Carolina;
Peter Tango, U.S. Geological Survey/Chesapeake Bay Program Office and Jonathan
Sharp, University of Delaware.

Chlorophyll Criteria Team data analysts: David Jasinski, University ol Maryland
Center for Environmental Science/Chesapeake Bay Program Office; Jackie Johnson,
Interstate Commission of the Polomac River Basin/Chesapeake Bay Program Office;
and Michael Williams, University of Maryland Center for Environmental Science.

CRITERIA ASSESSMENT PROTOCOL WORKGROUP

Peter Tango, Chair, U.S. Geological Survey/Chesapeake Bay Program Olfice; Harry
Augustine, Virginia Department of Environmental Quality; Mark Barath, U.S.

Acknowledgments

ARO0007761



Vi

Acknowledgments

Environmental Protection Agency Region III; Thomas Barron, Pennsylvania
Department of Environment; Joe Beaman, Maryland Department of the
Environment; Stephen Cioccia, Virginia Department of Environmental Quality;
Elleanore Daub, Virginia Department of Environmental Quality; Sherm Garrison,
Maryland Department of Natural Resources; Darryl Glover, Virginia Department of
Environmental Quality; John Hill, Maryland Department of the Environment; Rick
Hoffman, Virginia Department of Environmental Quality; Dave Jasinski, University
of Maryland Center for Environmental Science/Chesapeake Bay Program Office;
Jim Keating, U.S. Environmental Protection Agency Office of Water; Rodney Kime,
Pennsylvania State Department of the Environment; Larry Merrill, U.S.
Environmental Protection Agency Region III; Bruce Michael, Maryland Department
of Natural Resources; Ken Moore, Virginia Institute of Marine Science; Shah
Nawaz, District of Columbia Department of Health; Roland Owens, Virginia
Department of Environmental Quality; Jennifer Palmore, Virginia Department of
Environmental Quality; Elgin Perry, Statistics Consultant; Charley Poukish,
Maryland Department of the Environment; Matt Rowe, Maryland Department of the
Environment; John Schneider, Delaware Department of Natural Resources and
Environmental Control; Gary Shenk, U.S. Environmental Protection Agency
Chesapeake Bay Program Office; Nicoline Shulterbrandt, District of Columbia
Department of Health; Donald Smith, Virginia Department of Environmental
Quality; Matt Stover, Maryland Department of the Environment; Robert Swanson,
Virginia Department of Environmental Quality; Bryant Thomas, Virginia
Department of Environmental Quality; Mark Trice, Maryland Department of Natural
Resources; Michael Williams, University of Maryland Center for Environmental
Science; Dave Wolanski, Delaware Department of Natural Resources and Environ-
mental Control.

WATER QUALITY STEERING COMMITTEE

Diana Esher, Chair, U.S. Environmental Protection Agency Chesapeake Bay
Program Officc; Richard Batiuk, U.S. Environmental Protection Agency Chesapcake
Bay Program Office; Sheila Besse, District of Columbia Department of Health; Bill
Brannon, West Virginia Department of Environmental Protection; Patricia Buckley,
Pennsylvania Department of Environmental Protection; Katherine Bunting-Howarth,
Delaware Department of Natural Resources and Environmental Control; Jennifer
Capagnini, Delaware Department of Natural Resources and Environmental Control;
Moira Croghan, Virginia Department of Conservation and Recreation; Frank
Dawson, Maryland Department of Natural Resources; Rusty Diamond, Department
of Environmental Protection-South Central Office; Ron Entringer, New York
Department of Environmental Conservation; Richard Eskin, Maryland Department
of the Environment; Stuart Gansell, Pennsylvania Department of Environmental
Protection; Dave Goshorn, Maryland Department of Natural Resources; Carlton
Haywood, Interstate Commission on the Potomac River Basin; Teresa Koon, West
Virginia Soil Conservation Association; Bruce Michael, Maryland Department of
Natural Resources; Matt Monroe, West Virginia Department of Agriculture; Kenn
Pattison, Pennsylvania Departimment of Environmental Protection; Alan Pollock,
Virginia Department of Environmental Quality; John Schneider, Delaware
Department of Natural Resources and Environmental Control; Rick Shertzer,

ARO0007762



Pennsylvania State Department of Environmental Protection; Tom Simpson,
University of Maryland; Randolph Sovic, West Virginia Department of
Environmental Protection; Pat Stuntz, Chesapeake Bay Commission; Ann Swanson,
Chesapeake Bay Commission.

SCIENCE AND TECHNICAL ADVISORY COMMITTEE

The support and expert advice of all the members of the Chesapeake Bay Program’s
Scientific and Technical Advisory Committee are hereby acknowledged, under the
leadership of Dr. Carl Hershner, Virginia Institute of Marine Science, and the
Executive Secretarial support of Dr. Kevin Sellner, Chesapeake Research
Consortium.

The contributions of the independent scientific peer reviewers, selected and con-
vened by the Chesapeake Bay Program’s Scientific and Technical Advisory
Committee based on their recognized national expertise and drawn from institutions
and agencies from across the country, are hereby acknowledged.

Without the efforts of the hundreds of colleagues involved in all aspects of field col-
lection, laboratory analysis, management and interpretation of Chesapeake Bay
Monitoring Program data over the past two decades, these criteria could not have
been derived and the criteria attainment assessment procedures could not have been
developed.

The technical editing by Nina Fisher, independent technical editor, and document
preparation by Jamie McNees, Chesapeake Research Consortium/Chesapeake Bay
Program Office is hereby acknowledged.

vii

Acknowledgments

ARO0007763



chapter |

Introduction

In April 2003, the U.S. Environmental Protection Agency (EPA) published the Am-
bient Water Quality Criteria for Dissolved Oxygen, Water Clarity and Chlorophyll a
Jor the Chesapeake Bay and Its Tidal Tributaries (Regional Criteria Guidance) in
cooperation with and on behalf of the six watershed states—New York,
Pennsylvania, Maryland, Delaware, Virginia, and West Virginia—and the District of
Columbia. The culmination of three years of work, the criteria document resulted
directly from the collective contributions of hundreds of regional scientists, techni-
cal staff, and agency managers as well as the independent review by recognized
scientific experts across the country (U.S. EPA 2003).

In October 2004, EPA published the first addendum to the 2003 Regional Criteria
Guidance (U.S. EPA 2004). The addendum provided additional guidance on: applying
the temperature-based open-water dissolved oxygen criteria required to protect the
endangered shortnose sturgeon; assessing attainment of the instantaneous minimum
and 7-day mean dissolved oxygen criteria using monthly mean water quality monitor-
ing data; deriving site-specific dissolved oxygen criteria for tidal systems where the
extensive adjacent tidal wetlands cause naturally low dissolved oxygen levels;
delineating the upper and lower boundaries of the pycnocline; defining attainment of
the shallow-water bay grass designated use; and determining where numerical chloro-
phyll a criteria should apply to local Chesapeake Bay and tidal tributary waters.

From 2004 through early 2006, Delaware, Maryland, Virginia, and the District of
Columbia adopted: the EPA-published Chesapeake Bay water quality criteria for
dissolved oxygen, water clarity, and chlorophyll a; the EPA-recommended tidal
water designated uses; and the [EPA-established criteria assessment procedures into
their respective state water quality standards regulations. All four jurisdictions!
promulgated narrative chlorophyll a criteria in their standards regulations. Virginia
promulgated numerical segment- and season-specific chlorophyll a criteria for the
tidal James River. The District of Columbia promulgated numerical chlorophyll a
criteria for its reach of the tidal Potomac River and its remaining tidal waters, hav-

IReferences throughout the text to “states” or “jurisdictions” means a collective reference to the states
of Delaware and Maryland, the Commonwealth of Virginia, and the District of Columbia. All four have
Chesapeake Bay tidal waters within their jurisdictional boundaries.
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chapter i

ing previously adoptled numerical chlorophyll ¢ criteria for protection of the tidal
Anacostia River.

In July 2007, EPA published a second addendum to the 2003 Regional Criteria
Guidance (U.S. EPA 2007). This second addendum documented the revised,
refined, and new criteria assessment methods for the published Chesapeake Bay dis-
solved oxygen, water clarity, and chlorophyll a criteria.

This third addendum documents numerical Chesapeake Bay chlorophyll a criteria
and reference concentrations.

* Chapter 2 documents the scientific basis for numerical chlorophyll « criteria.
» Chapter 3 documents historical chlorophyll a reference concentrations.

* Chapter 4 documents the chlorophyll a relationship to dissolved oxygen
impairments.

* Chapter 5 documents the chlorophyll a contribution to water clarity impair-
ments.

+ Chapter 6 documents chlorophyll a concentrations characteristic of address-
ing impairments by harmful algal blooms.

» Chapter 7 documents the recommended Chesapeake Bay chlorophyll ¢ criteria.

* Chapter 8 documents the recommended procedures for assessing attainment
of numerical chlorophyll ¢ criteria.

This document represents the third formal addendum to the 2003 Chesapeake Bay
water quality criteria document. As such, readers should regard the sections in this
document as new or replacement chapters and appendices to the original published
report and two prior published addendums. The criteria allainment assessment pro-
cedures published in this addendum replace and otherwise supercede similar criteria
assessment procedures originally published in the 2003 Regional Criteria Guidance
and the 2004 and 2007 addendums (U.S. EPA 2003, 2004, 2007). Publication of
future addendums by EPA in coordination with and on behalf of the Chesapeake Bay
Program watershed jurisdictional partners is likely. Continued scientific research
and management applications reveal new insights and knowledge that should be
incorporated into revisions of state water quality standards regulations in upcoming
triennial reviews.

LITERATURE CITED
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Chlorophyll a Criteria

STATE WATER QUALITY STANDARDS

With publication of the April 2003 Ambient Water Quality Criteria for Dissolved
Oxygen, Water Clarity and Chlorophyll a for the Chesapeake Bay and Its Tidal Trib-
utaries, the U.S. Environmental Protection Agency (EPA) provided the states with
recommended narrative chlorophyll ¢ criteria applicable (o all Chesapeake Bay and
tidal tributary waters (Table II-1) (U.S. EPA 2003a). The four jurisdictions that
include Chesapeake Bay tidal waters within their boundaries—Delaware, Maryland,
Virginia, and the District of Columbia—all have narrative water quality standards in
their existing regulations that require achievement and maintenance of a balanced,
non-nuisance phytoplankton community (Appendix A). Individually and collec-
tively, these four jurisdictions’ existing water quality standards regulations contain
clear narrative requirements that address the adverse human health and aquatic life
impairments causcd by overabundant, nuisancce algal production measurced as chloro-
phyll a. The absence of numerical chlorophyll a criteria, however, prevents the
jurisdictions from assessing whether their tidal waters are meeting their designated
uses. Beyond the tidal James River and the District’s tidal waters, however, the
absence of a numerical interpretation of the narrative desired ecological condition
prevents the states from fully and properly applying the narrative sections of their
water quality standards regulations (as described in Appendix A).

From 2004 through early 2006, Virginia and the District of Columbia adopted
numerical chlorophyll g criteria for the tidal James River (Virginia) and across all the
District’s jurisdictional tidal waters. Both jurisdictions determined that algal-related

Table 1I-1. Chesapeake Bay narrative chlorophyll a criteria.

Concentrations of chlorophyll a in free-floating microscopic aquatic plants (algae) shall not exceed
levels that result in ecologically undesirable consequences—such as reduced water clarity, low
dissolved oxygen, food supply imbalances, proliferation of species deemed potentially harmful to
aquatic life or humans or aesthetically objectionable conditions—or otherwise render tidal waters
unsuitable for designated uses.

Source: U.S. EPA 2003a.
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designated use impairments were likely to persist in these waters even after attain-
ment of the applicable dissolved oxygen and water clarity criteria. The water quality
standards regulations in Virginia and the District of Columbia now contain numer-
ical chlorophyll a criteria for the protection of aquatic life. The technical information
supporting both jurisdictions’ adoption of numerical chlorophyll a criteria was
published in the 2003 Chesapeake Bay water quality criteria document (U.S. EPA
2003a). Delaware, Maryland, Virginia and the District of Columbia all adopted
narrative chlorophyll a criteria into their states’ water quality standards regulations
(Tablc II-1).

DERIVING SCIENTIFICALLY SOUND NUMERICAL
CHLOROPHYLL a CRITERIA

The EPA’s published narrative criteria states that chlorophyll a “. . . not exceed levels
that result in ecologically undesirable consequences—such as reduced water clarity,
low dissolved oxygen, food supply imbalances, proliferation of species deemed
potentially harmful to aquatic life or humans or aesthetically objectionable con-
ditions—or otherwise render tidal waters unsuitable for designated uses for
balanced aquatic plant life populations and against the overgrowth of nuisance,
potentially harmful algal species” (U.S. EPA 2003a). Quantifying undesirable
chlorophyll a levels in the water remains a challenge, however, because concentra-
tions that cause “ecologically undesirable consequences” in one tidal tributary or in
one region of the Bay do not necessarily cause problems in other tidal tributaries
or rcgions.

This duality comes about for two primary reasons. First, as a measure of phytoplankton
biomass, chlorophyll a also becomes a measure of the amount of food available for
animals in the Bay. Second, while chlorophyll a functions as an indicator of phyto-
plankton biomass as a whole, phytoplankton are a highly diverse group of microscopic
algal (plant) species. Many constitute important sources of food for planktonic animals
(zooplankton), fish, and shellfish while others are poor quality food sources. Some
phytoplankton produce chemicals toxic to humans and other organisms. Thus, the
Bay’s “carrying capacity” or its ability to support productive and diverse populations
of flora and fauna, including highly valued species, depends largely on how well the
quantity and quality of phytoplankton meet the nutritional needs of animal consumers.
However, chlorophyll a is solely an index of quantity, not quality.

PHYTOPLANKTON, WATER QUALITY,
AND CHLOROPHYLL a

Excessive accumulation of phytoplankton biomass due to nutrient over-enrichment
is one of the primary causes of declining water quality in the nation’s estuaries
(Howarth et al. 2000), including the Chesapeake Bay (Neilson and Cronin 1981;
Boynton et al. 1982; Harding et al. 1986; Seliger et al. 1985; Fisher et al. 1988;
Malone 1992; Malone et al. 1996; Harding and Perry 1997; Kemp et al. 2005). High
and variable nutrient inputs coming from freshwater runoff can destabilize coastal
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ecosystems when nutrient loading exceeds the ecosystem’s rate compensating
capacity! (Malone et al.1996). This situation has occurred in Chesapeake Bay,
marked by increases in phytoplankton biomass, decreases in water clarity, and a shift
from demersal to pelagic food webs which began about 100 years ago (Cooper 1995;
Cooper and Brush 1993; Kemp et al. 2001; Kemp et al. 2005).

Variations in phytoplankton biomass and water clarity are the primary links between
nutrient loading and changes in water quality (e.g., water clarity and bottom water
dissolved oxygen levels), submerged aquatic vegetation (SAV) abundance, and
trophic dynamics in coastal marine and estuarine ecosystems (Kemp et al. 2005 and
references therein). Thus, nutrient over-enrichment? causes ecological symptoms in
Chesapeake Bay of impaired designated uses as defined by the Clean Water Act.

Chlorophyll a concentration serves as an especially useful indicator of water quality
for two important reasons. First, as concluded by Harding and Perry (1997),
“Chlorophyll a is a useful expression of phytoplankton biomass and is arguably the
single most responsive indicator of N [nitrogen] and P [phosphorus] enrichment in
this system [Chesapeake Bay].” Second, measurements are routine and techniques
are now available to obtain them in near-real time. Relatively rapid methods evolved
over the years to measure the concentration of chlorophyll ¢ in discrete water
samples and in vivo (Flemer 1969). Methods have also been developed to measure
chlorophyll a using acrial surveillance techniques (remote sensing) bascd on passive
multispectral signals associated with phytoplankton (Harding et al. 1992).

Improvement in water clarity is a major issue for the recovery of the Bay’s shallow-
water underwater grasses. Correcting the low dissolved oxygen problem that occurs
in the deeper waters of the mesohaline mainstem Chesapeake Bay, lower tidal tribu-
taries and episodic events in shallow water has remained a challenge (o Bay
restoration for decades. Increases in water clarity and dissolved oxygen occur when
excess phytoplankton biomass—imeasured as chlorophyll a—is substantially re-
duced (National Research Council 2000). Water clarity improves throughout the
water column when light attenuation by phytoplankton decreases. The extent of
oxygen depletion in bottom waters (leading to hypoxia and anoxia) decreases when
the sedimentation of organic matter produced by phytoplankton into bottom waters
decreases. Thus, attaining the Chesapeake Bay dissolved oxygen and water clarity
criteria requires reductions in chlorophyll a concentrations by lessening nutrients to
limit the production of phytoplankton biomass (in addition to reducing sediment
loading which also contributes to lower water clarity). I'or these reasons, the LPA
believes developing and adopting numerical chlorophyll a criteria (in addition to
water clarity and dissolved oxygen criteria) is necessary to protect Chesapeake Bay
tidal waters.

IRate compensating capacity is the capacity of a system to respond to nutrient inputs by increasing bio-
mass-specific rates of nutrient assimilation into biomass (Caperon et al. 1971). This capacity is ex-
ceeded when increases in the rate of nutrient assimilation can only be achieved through increases in
biomass. An important assumption is that all of the nutrient input to the system from external sources
is taken up within the system.

2 Nutrient over-enrichment in the case of Chesapeake Bay refers to both nitrogen and phosphorus since
both must be controlled to manage nutrient impacts (D’Elia et al. 1986; Fisher et al. 1992, 1999).
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While excessive chlorophyll a levels are often associated with low bottom-water
dissolved oxygen and the loss of SAV, such negative outcomes are not always the
result. Some regions of the Bay and its tidal tributaries experience excessive
accumulations of chlorophyll a without such impairments—especially shallow well-
mixed systems. Conversely, harmful algal blooms may occur in the absence of other
water quality impairments. Consequently, the EPA recommends adoption of numer-
ical chlorophyll a criteria for protection of open-water designated uses for tidal
waters where algal-related impairments will likely persist even after attainment of
the Chesapeake Bay dissolved oxygen and water clarity criteria.

CHLOROPHYLL a DYNAMICS IN THE MAINSTEM CHESAPEAKE BAY

Plots of the seasonal variation in chlorophyll a concentrations capture both episodic
(e.g., storm-induced) and month-to-month variations in nutrient loading. Chloro-
phyll a levels over time, therefore, offer a good indication of phytoplankton biomass
response to nutrient loading and the effects of phytoplankton on water quality and
benthic habitats. The seasonal asynchrony of the annual cycles of phytoplankton
chlorophyll a in the Chesapeake as well as phytoplankton productivity also indicate
that the rate compensating capacity of the Bay has been exceeded (Caperon et al.
1971). The chlorophyll a content of the water column (chlorophyll ¢ concentration
integrated from surface to bottom) rises in the Bay to a spring maximum (usually
from March to May) when grazing rates are low and nutrient loads are high. During
this period, chlorophyll a concentrations are elevated throughout the water column.
As the Bay transitions from the spring biomass maximum to the summer phyto-
plankton productivity maximum (May to June), bottom-water chlorophyll a
concentrations decline rapidly with high concentrations restricted to the surface
layer throughout the summer. In contrast to the annual cycle of phytoplankton
biomass, phytoplankton productivity (which is generally limited to the surface layer)
increases rapidly from a winter minimum to a summer maximum (usually from July
to August) as incident solar radiation incrcascs (Malonc ct al. 1988; Malonc 1991,
1992; Miller and Harding 2006).

The magnitudes of both the spring water-column-integrated chlorophyll ¢ maximum
and the summer phytoplankton productivity maximum vary widely from year to
year, but no evidence exists for a secular trend over the last two to three decades
(Harding and Perry 1997; Harding et al. 2002; Miller and Harding 2006). Under
current conditions (1980—present), seasonal and interannual variations in phyto-
plankton productivity are primarily related to the annual cycles of incident solar
radiation and temperature (Malone 1991, 1992; Harding et al. 2002). In contrast,
seasonal and interannual variations in chlorophyll a levels in the salt-intruded reach
of the mainstem Bay are caused primarily by variations in nitrate loading (using flow
of the Susquehanna River as a proxy) (Malone 1991; Malone et al. 1996).

In summary, the rate of nutrient assimilation by phytoplankton (per unit biomass) is
nutrient saturated during spring; therefore, increases in nutrient assimilation can
only occur when biomass increases (Malone et al. 1996). The rate compensating
capacity of the Chesapeake Bay ecosystem is exceeded and phytoplankton biomass
accumulates (i.e., the consumption of phytoplankton biomass by benthic and pelagic
consumers cannot keep pace with phytoplankton production on a baywide scale).
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This effect may have been exacerbated by the Bay’s oyster population decline during
the 20th century (Newell 1988). In summer, nutrient assimilation and phytoplankton
growth rates are nutrient limited and the rate compensating capacity of the Bay is not
exceeded.

CHLOROPHYLL a DYNAMICS IN THE TIDAL TRIBUTARIES
AND EMBAYMENTS

Chlorophyll a concentrations that impair tidal-water designated uses, as defined by
the Clean Water Act, will differ among Chesapeake Bay’s “subsystems” (the main-
stem Bay along with its tidal tributaries and embayments) depending on salinity,
depth, flushing rate, and the degree of vertical stratification. For example, massive
blue-green algae blooms occur primarily in the upper tidal-fresh Potomac River
(Jaworski 1990) while many small shallow-water (vertically mixed) embayments
have inordinately high chlorophyll a concentrations associated with supersaturated
dissolved oxygen levels in the afternoon and hypoxic to anoxic conditions during the
hours before sunrise (D’ Avanzo and Kremer 1994). In some parts of the Bay and its
tidal tributaries, reductions of nutrient and sediment loading to levels that meet the
deep-water and deep-channel dissolved oxygen and shallow-water water clarity
criteria may not prevent development of harmful algal blooms nor ensure the return
of high-quality food to open-water habitats. Such areas include, but are not limited
to, waters that do not experience oxygen depletion for hydrodynamic reasons (e.g.,
high mixing rates) and those in which reduced water clarity results primarily from
suspended sediment rather than algae (e.g., tidal James River).

SCIENTIFIC BASIS FOR
NUMERICAL CHLOROPHYLL a CRITERIA

HISTORICAL CHLOROPHYLL a REFERENCE CONCENTRATIONS

Seasonal accumulations of chlorophyll ¢ in the Chesapeake Bay remain excessive.
Using changes in chlorophyll a to assess shifts in the Bay’s condition due to human
activities requires: long-term time series measurements of chlorophyll a with
seasonal resolution along the salinity gradients of the mainstem Bay and its tribu-
taries; and a “baseline” annual cycle of water column-integrated chlorophyll a with
seasonal resolution to assess changes in terms of positive and negative deviations
from the baseline.

Ideally, this baseline would be the mean annual cycle based on monthly means and
standard errors for a range of climate conditions prior to European settlement of the
Chesapeake Bay watershed. However, data to calculate means and standard errors
are available only from about 1960 to the present. Even so, establishing secular
trends based on numerical deviations necessitates a quantitative reference. Given the
strong seasonality of chlorophyll ¢ concentralions, a mean annual cycle with
seasonal resolution is needed. Chapter 3, “Historical Chlorophyll a Reference
Concentrations”, documents this approach for deriving numerical chlorophyll a
concentrations protective against ecological impairments.
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DISSOLVED OXYGEN IMPAIRMENTS

Although bottom-water hypoxia has probably occurred in Chesapeake Bay for over
100 years (Cooper and Brush 1991), analysis of available data suggests that the time-
space extent of hypoxia began to increase with nutrient loading in the 1950s (Hagy
et al. 2004; Kemp et al. 2005) and continues to increase in some areas (e.2., Fisher
et al. 2006). A statistically significant relationship between nutrient loading and the
severity of oxygen depletion from 1950 to 2001, however, has not been established.

Seasonal accumulations of water column-integrated chlorophyll ¢ during winter and
spring provide the fuel for oxygen depletion and summer hypoxia in the Chesapeake
mainstem and its tidal tributaries. The rate of decline of bottom-water oxygen shows
little interannual variability and is primarily a function of temperature (Malone 1992;
Hagy et al. 2004). In contrast, the time-space extent of bottom-water hypoxia varies
considcrably from ycar to ycar duc primarily to intcrannual variations in vertical
stratification during the summer and secondarily to variations in the spring freshet’s
magnitude (Malone 1991, 1992; Hagy 2002). These observations suggest that the
aerobic capacity of the Bay to assimilate the winter-spring accumulation of phyto-
plankton biomass has been exceeded for the last 20 to 30 years, explaining the lack
of correlation between nutrient loading and the severity of oxygen depletion. Given
the Bay’s current eutrophic state, therefore, relationships between chlorophyll a
concentrations and oxygen depletion may not necessarily yield useful numerical
chlorophyll a criteria. This hypothesis is tested in Chapter 4, “Chlorophyll a Rela-
tionship to Dissolved Oxygen Impairments.”

WATER CLARITY IMPAIRMENTS

Clear water with sufficient penetration of solar radiation is essential for SAV growth
(Dennison et al. 1993; Kemp et al. 2004). Chlorophyll ¢ creates a major source of
light attenuation in the water column, along with suspended inorganic sediments and
colored dissolved organic material (CDOM). In the 1700s and 1800s, much of the
turbidity in the Chesapeake Bay resulted from anthropogenic sediment inputs. Land-
based inputs of sediments have declined over the last 50 to 60 years (Brush 1989),
however, and declines in water clarity during spring and summer are related prima-
rily to accumulations of chlorophyll a (Gallegos and Jordan 2002). Increases in
chlorophyll a were already affecting underwater bay grass distributions throughout
much of the Chesapeake Bay by the early 1960s (Orth and Moore 1983). If the
effects of sediments and CDOM can be accounted for, then the quantitative rela-
tionships between chlorophyll a concentration and diffuse light attenuation should
provide the basis for numerical chlorophyll a criteria. Chapter 5, “Chlorophyll a
Contribution o Water Clarity Impairments”, pursues this approach for deriving
numerical chlorophyll a concentrations protective against water clarity impairments.

HARMFUL ALGAL BLOOM IMPAIRMENTS

As defined in Harmful Algal Research and Response: A National Environmental
Science Strategy 2005-2015, harmful algae are those algae that “cause harm (o the
environment through the production of toxins . . . or through the accumulation of
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biomass that, in turn, affects co-occurring organisms and alters food webs in nega-
tive ways” (HARRNESS 2005). The latter impairments are addressed in chapters 3
through 5. The focus of Chapter 6 is on algae that produce toxins harmful to humans
and/or living resources.

Not all toxic algae are pigmented and many toxic algae can cause human patholo-
gies at low cell densities. In addition, most variability in the time-space distributions
of chlorophyll a is not caused by pigmented toxic algae, especially in the high-
salinity lower reaches of the Chesapeake Bay mainstem and its higher salinity tidal
tributaries. Thus, chlorophyll a can be used as an indicator of toxic harmful algal
blooms (HABs) under three special conditions;

1. the toxic algal species must contain chlorophyll «;

2. the health risk to humans or aquatic life must be relatable to chlorophyll a
concentration; and

2. the toxic algal species must have known periods during the year as well as
specific places (hot spots) where it dominates increases in chlorophyll a
concentrations.

Under these conditions, increases in chlorophyll a concentrations can also be used
to trigger an adaptive sampling program to identify and enumerate the toxic species.
This approach is pursued in Chapter 6, “Chlorophyll @ Concentrations Characteristic
of Impairments by Harmful Algal Blooms.”

LITERATURE CITED

Boynton, WR., WM. Kemp, and C.W. Keefe. 1982. A comparative analysis of nutrients and
other factors influencing estuarine phytoplankton production. In: V.S. Kennedy (ed.). Esiu-
arine Comparisons. pp 209-230, New York: Academic Press.

Brush, G.S. 1989. Rates and patterns of estuarine sediment accumulation. Limnology and
Oceanography 34:1235-1246.

Caperon, J., S. Cattell, and G. Krasnick. 1971. Phytoplankton kinetics in a subtropical
estuary: eutrophication. Limnology and Oceanography 16:599-607.

Cooper, S.R. and G.S. Brush. 1991. Long-term history of Chesapeake Bay anoxia. Science
254:992-996.

Cooper, S.R. and G.S. Brush. 1993. A 2,500-year history of anoxia and eutrophication in
Chesapeake Bay. Estuaries 16:617-626.

Cooper, S.R. 1995, Chesapeake Bay watershed historical land use: impact on water quality
and diatom communities. Ecological Applications 5. 703-723.

D’ Avanzo, C. and J.N. Kremer. 1994. Diel oxygen dynamics and anoxia in Waquoit Bay, a
eutrophic embayment on Cape Cod, MA. Estuaries 17:131-139.

D’Elia, C.F.,, J.G. Sanders and W.R. Boynton.1986. Nutrient enrichment studies in a coastal
plain estuary: phytoplankton growth in large-scale, continuous cultures. Canadian Journal
Fisheries and Aquatic Science 43:397-406.

chapter ii e Chlorophyll a Criteria

ARO0007772



10

Dennison, W.C., R.J. Orth, K.A. Moore, J.C. Stevenson, V. Carter, S. Kollar, P. Bergstrom,
and R. Batiuk. 1993, Assessing water quality with submersed aquatic vegetation. Habitat
requirements as barometers of Chesapeake Bay health. Bioscience 43: 86-94.

Flemer, D.A. 1969. Continuous measurement of in vivo chlorophyll of a dinoflagellate bloom
in Chesapeake Bay. Chesapeake Science 10(2):99-103.

Fisher, T.R., L.W. Harding, D.W. Stanley, and L..G. Ward. 1988. Phytoplankton, nutrients and
turbidity in the Chesapeake, Delaware and Hudson estuaries. Estuarine, Coastal and Shelf
Science 27:61-93.

Fisher, T.R., ER. Peele, J.A. Ammerman and L..W. Harding. 1992, Nutrient limitation of
phytoplankton in Chesapeake Bay. Marine Ecological Progress Series 82:51-63.

Fisher, T.R., J.D. Hagy III, W.R. Boynton, and M.R. Williams. 2006. Cultural eutrophication
in the Choptank and Patuxent estuaries of Chesapeake Bay. Limnology and Oceanography
51:435-447.

Gallegos, C.L. and T.E. Jordan. 2002. Impact of the spring 2000 phytoplankton bloom in
Chesapeake Bay on optical properties and light penetration in the Rhode River, Maryland.
Estuaries 25:508-518.

Hagy, J.D. 2002. Eutrophication, hypoxia and trophic transfer efficiency in Chesapeake Bay.
PhD dissertation, University of Maryland, College Park, MD.

Hagy, J.D., W.R. Boynton, C.W. Wood, and K.V. Wood. 2004. Hypoxia in Chesapeake Bay,
1950 — 2001: long-term changes in relation t nutrient loading and river flow. Estuaries
27:634-658.

Harding, L.W., Jr., B.W. Meeson, and T.R. Fisher. 1986. Phytoplankton production in two
East coast estuaries: photosynthesis-light functions and patterns of carbon assimilation in
Chesapeake and Delaware Bays. Estuarine, Coastal and Shelf Science 23: 773-806.

Harding, L.W., Ir,, E.C. Itsweire, and W.E. Esaias. 1992. Determination of phytoplankton
chlorophyll concentrations in the Chesapeake Bay with aircraft remote sensing. Remote
Sensing of the Environment 40:79-100.

Harding, L.W., Jr. and E.S. Perry 1997. Long-term increase of phytoplankton biomass in
Chesapeake Bay, 1950-1994. Marine Ecological Progress Series 157:39-52.

Harding, L.W., Jr., M.E. Mallonee, and E.S. Perry. 2002. Toward a predictive understanding
of primary productivity in a temperate, partially stratified estuary. Estuarine, Coastal and
Shelf Science 55:437-463.

HARRNESS. 2005. Harmful Algal Research and Response: A National Environmental
Response Strategy 2005 — 2025. J.S. Ramsdell, D.M. Anderson, and PM. Glibert (eds.).
Washington D.C.: Ecological Society of America.

Howarth, R.W., D. Anderson, I. Cloem, C. Elfring, C. Hopkinson, B. Lapointe, T. Malone,
N. Marcus, K. McGlahery, A. Sharpley, and D. Walker. 2000. Nutrient pollution of coastal
rivers, bays and seas. Ecology 7:15.

Jaworski, N. 1990. Retrospective of the water quality issues of the upper Potomac estuary.
Aquatic Science 3:11-40.

Kemp, WM., M.T. Brooks, and R.R. Hood. 2001. Nutrient enrichment, habitat variability
and trophic transfer efficiency in simple models of pelagic ecosystems. Marine Lcology
Progress Series 223:73-87.

Kemp, W.M.,, R. Batiuk, R. Bartleson, P. Bergstrom, V. Carter, G. Gallegos, W. Hunley, L.
Karrh, E. Koch, J. Landwehr, K. Moore, L.. Murray, M. Naylor, N. Rybicki, J.C. Stevenson,

chapter ii ® Chlorophyll a Criteria

ARO0007773



and D. Wilcox. 2004. Habitat requirements for submerged aquatic vegetation in Chesapeake
Bay: Water quality, light regime, and physical-chemical factors. Estuaries 27:263-377

Kemp, WM, W.R. Boynton, J.E. Adolf, D.F. Boesch, W.C. Boicourt, G. Brush, J.C. Corn-
well, T.R. Fisher, PM. Glibert, ..W. Harding, Jr., E.D. Houde, D.G. Kimmel, W.D. Miller,
R.LE. Newell, M.R. Roman, E.M. Smith, and J.C. Stevenson. 2005. Eutrophication of Chesa-
peake Bay: Historical trends and ecological interactions. Marine Ecology Progress Series,
303:1-29.

Malone, T.C., L.H. Crocker, S.E. Pike, and B.W. Wendler. 1988. Influences of river flow on
the dynamics of phytoplankton production in a partially stratified estuary. Marine Ecology
Progress Series 48: 235-249.

Malone, T.C. 1991. River flow, phytoplankton production and oxygen depletion in Chesa-
peake Bay. In Tyson, R.V. and T.H. Pearson (eds.). Modern and Ancient Continental Shelf
Anoxia No. 58, pp. 83-93. The Geological Sociely. Special Publication.

Malone, T.C. 1992, Effects of water column processes on dissolved oxygen, nutrients, phyto-
plankton and zooplankton. In: D. Smith, M. Leffler, G. Mackiernan (eds.). Oxygen Dynamics
in Chesapeake Bay: A Synthesis of Research. pp. 61-112. University of Maryland Sea Grant,
College Park, MD.

Malone, T.C., D.J. Conley, T.R. Fisher, PM. Glibert, and L..W. Harding, Jr. 1996. Scales of
nutrient limited phytoplankton productivity in Chesapeake Bay. Estuaries 19:371-385.

Miller, W.D. and L.W. Harding, Jr. 2007. Climate forcing of the spring bloom in Chesapeake
Bay. Marine Ecology Progress Series 331:11-12.

National Research Council. 2000. Assessing the TMDL Approach to Water Quality Manage-
ment. Committee to Assess the Scientific Basis of the Total Maximum Daily Load Approach
to Water Pollution Reduction, Water Science and 'lechnology Board, Division on Earth and
Life Studies. Washington, D.C.: National Academy Press.

Neilson, BJ. and L.E. Cronin. 1981. Estuaries and Nutrients. North Carolina: The
HUMANA Press.

Newell, R.E. 1988. Ecological changes in Chesapeake Bay: Are they the result of overhar-
vesting the Eastern oyster (Crassostrea virginica)? In: ML.P. Lynch and E.C. Krome (eds.).
Understanding the Estuary.: Advances in Chesapeake Bay Research. pp. 536-546. Gloucester
Point, VA: Chesapeake Research Consortium Publication 129 (CBP/TRS 24/88).

Orth, R.J. and K.A. Moore. 1983. Chesapeake Bay: An unprecedented decline in submerged
aquatic vegetation. Science 222:51-53.

Seliger, H.H., J.A. Boggs, and W.H. Biggley. 1985. Catastrophic anoxia in the Chesapeake
Bay in 1984. Science 228:70-73.

11.S. Environmental Protection Agency. 2003a. Ambient Water Quality Criteria for Dissolved
Oxygen, Water Clarity and Chlorophyll a for the Chesapeake Bay and Its Tidal Tributaries.
EPA 903-R-03-002. Region III Chesapeake Bay Program Office, Annapolis, MD.

1

chapter ii * Chlorophyll a Criteria

ARO0007774



12

chapter JI

Historical Chlorophyll a
Reference Concentrations

Chlorophyll ¢ conslitutes an important
indicator of water quality in estuaries
such as the Chesapeake Bay where
chlorophyll a has increased signifi-
cantly since World War II (Figure
ITI-1). Chlorophyll a increases have
coincided with a doubling or more of
nitrogen loadings (Boynton et al.
1995), particularly in the Bay’s lower
polyhaline regions. Long-term data on
chlorophyll a for the Chesapeake Bay
extend back more than 50 years to
provide a historical context for the more
recent observations from the extensive
ongoing Chesapeake Bay water quality
monitoring program (Chesapeake Bay
Program 1989). The focus on historical
reference concentrations to set concen-
trations protective against ecological
impairments is based on the conclusion
that chlorophyll a levels in the 1950s
and 1960s were lower than contempo-
rary levels documented by Harding
1994 and Harding and Perry 1997.
While not characteristic of “pristine”
conditions, data from these earlier
decades provide “baseline” concentra-
tions for a less-stressed ecosystem prior
to severe eutrophication with wide-
spread hypoxia, loss of submerged
aquatic vegetation, and declines in
productive fisheries (Kemp et al. 2005).
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Figure IlI-1. Historical changes in surface
chlorophyll a concentrations from 1950
to 2003.

Sources: Harding 1994; Harding and Perry 1997,
updated in Kemp et al. 2005.
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RATIONALE FOR THE 1950S TO
1960S REFERENCE PERIOD

The extensive review paper, ‘“Eutrophication of Chesapeake Bay: historical trends
and ecological interactions” by Kemp et al. (2005), chronicles significant changes in
the Chesapeake Bay ecosystem over the past five decades, noting degradation of
waler quality that accelerated [rom the 1950s through the 1960s. The 18 estuarine
scientists who contributed to this paper provide a systematic account of the eutroph-
ication record in Chesapeake Bay and its ecological implications. Evidence from
dated sediment cores revealed organic enrichment in ~200-year-old strata, while
signs of increased phytoplankton biomass and decreased water clarity first appeared
about 100 years ago. Kemp et al. (2005) summarize changes from the most recent
50 years against a backdrop of long-term changes spanning the period since colo-
nization. Two manifestations of water quality degradation evident since the 1950s
and 1960s are recurring deep-water hypoxia (Officer et al. 1984) and the loss of
submerged aquatic vegetation (Kemp et al. 1983; Orth and Moore 1983). This degra-
dation coincides with a significant increase in the use of commercial fertilizers after
the 1950s along with a ~2.5-fold increase in total nitrogen loadings from the Susque-
hanna River from 1945 to 1990 (Boynton et al. 1995).

The sediment record also reveals a major shift in phytoplankton community compo-
sition within the same 50-year period, exemplified by a shift in the ratio of
planktonic to benthic diatoms. This shift indicates decreased water clarity, which led
to the suppression of benthic algal production (Cooper and Brush 1991, 1993).
Consistent with this shift was a sharp increase of bacterial carbon burial beginning
in (he mid-20th century (Zimmerman and Canuel 2000), paralleled by increases in
the ratio of bacterial carbon to biogenic silica that suggests a decline in the efficiency
at which diatom production transfers to upper trophic levels (e.g., Kemp et al. 2001).

Direct measurements of the macroinvertebrate benthic community were not avail-
able prior to 1950. However, shifts in dominant macrofaunal species occurred in the
early 1960s in the York River (Boesch and Rosenberg 1981) and in the early 1970s
in the mainstem Chesapeake Bay (Holland et al. 1987). Finally, the authors suggest
that eutrophication also affects higher trophic levels, noting that the shifts in primary
producers (that accompanied fundamental changes of ecological structure) have
altered fisheries production (Kemp et al. 2005).

REFERENCE CONCENTRATION DERIVATION APPROACH

The reference concentration derivation approach began with the acquisition of
historical through present-day (1950-2004) chlorophyll a data from archival hold-
ings (1950-1983) and the Chesapcake Bay Watcr Quality Monitoring Program
(1984-2004). All data used comes from the Chesapeake Bay Program website’s data
hub (www.chesapeakebay.net/data). These data holdings consisted of surface chloro-
phyll a and vertical chlorophyll a profiles from various sources (Table III-1).
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These data were analyzed and modeled to develop reference chlorophyll a concen-
trations for the Chesapeake Bay. Models of surface chlorophyll a and
depth-weighted average chlorophyll a from profiles were devised for the complete
historical time series to generate predictions for specific periods and flow conditions.
This process allowed selection of a time period (e.g., a decade) to function as a refer-
ence restoration target. The approach follows the logic that chlorophyll a
concentrations have increascd significantly between the 1950s and 1980s (Harding
and Perry 1997) (Figure III-1). It also accounted for strong climate forcing of chloro-
phyll a concentrations (past and present) by establishing regional seasonal reference
chlorophyll a concentrations (based on mean chlorophyll ¢ concentrations) and
factoring in spatial and temporal variances for wet, dry, and average conditions.

HISTORICAL DATA SOURCES AND TEMPORAL COVERAGE

The analysis presented here extends the earlier published analyses of Harding (1994)
and Harding and Perry (1997) which only used data from the Chesapeake Bay Insti-
tute (1950-1982) and the first 8 years of data from the Chesapeake Bay Water
Quality Monitoring Program (1985-1992) to quantify trends in surface chlorophyll
a during the post-World War II period. To derive chlorophyll a reference concentra-
tions, additional data were identified in the archived data holdings (Table III-1).

The field collection and laboratory
Table 111-1. Sources of historical 1950-1983 analytical methods used in the 1950s,

Chesapeake Bay chlorophyll @ concentration o oTe -
data used in the derivation of historical 1960s, and 1970s were carefully eval-

chlorophyll reference concentrations. uated to ascertain comparability with
current field and analytical methods

Source Period in terms of: (a) filter type used to
AFO-MAINBAY 1979 collect suspended material; (b)
solvent used to extract phytoplankton

AHOLIGHT 1242 pigments; (c) spectrophotometric
CBI-AESOP 1969-1971 approach (monochromatic, trichro-

matic); and (d) calibration approach

CBI-PROCON 1975-1976
(use of pure chlorophyll a to develop
CBIBAY 1950-1980 standards for spectrophotometric and
CRITRIB 19501980 fluorometric measurements). The
historical data archives were also
FLEMER-BIGGS 1965-1967

queried for vertical chlorophyll a
HEINLE-WILSON 1966-1971 profile data to determine if the spatial
and temporal coverage remained

MARYLANDI06 1969-1981 )
adequate to compute integrated-water
NUTRIENT 1977-1978 column chlorophyll a prior to 1984.
STORET 1978-1980 The geo-locations of all stations were
examined to assure that they were
TAFT 1980

located within thc mainstcm Chcesa-
VIMS 1975-1979 peake Bay and not in the tidal
WHALEY-CARPENTER 1964—1966 tributaries. A parauel set of queries
was conducted using chlorophyll a
data from the Chesapeake Bay Water
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Quality Monitoring Program (1984-2004) for mainstem stations, including both
surface and water column measurements.

MODELING APPROACH

The surface chlorophyll a (chla) model for historical data consists of a General
Linear Model (GL.M) in SAS with logyq (chlorophyll a) as the dependent variable
and a set of eight independent categorical variables: decade, salinity zone, season,
month (season), decade*salinity zone, decade*season, decade*month (season), and
salinity zone*season. In addition, four continuous variables—salinity, salin-
ity*month (season), water temperature, and total depth—were used. The model used
three salinity zones (oligohaline (OH), mesohaline (MH), and polyhaline (PH)) as
well as five complete decades (1950s through 1990s) along with 2000 to 2004 data.
Each year was divided into five seasons: winter (January, February, March), spring
(April, May), transition (June), summer (July, August, September), and fall
(October, November, December).

ACCOUNTING FOR FLOW

Climate forcing of phytoplankton dynamics in Chesapeake Bay is strongly ex-
pressed by the seasonal to interannual variability of chlorophyll ¢ in aircraft remote
sensing data (aggregated for “wet,” “long-term average,” and “dry” conditions) from
1989 to 2004 (Figure III-2). Statistical methods to incorporate flow as an in-
dependent variable in historical chlorophyll a models have met with mixed success.
The unequal experimental designs in the temporal dimension limit specification of
the correct flow-lag and flow-averaging window since the historical dataset compiles
many different tidal-water data collection and field research projects with distinct
goals and designs. In contrast, salinity nested within a salinity zone was a very
successful independent variable. Nesting salinity within a salinity zone is important
so that the salinity term models the effect of high or low flow, rather than the along-
axis spatial distribution of chlorophyll a in the Chesapeake Bay.

To equate salinity to flow, the model assumed a direct correspondence between these
two variables. For spring and summer seasons of each decade, the 10" percentile,
median, and 90th percentile of the monthly mean salinity were computed. A
synthetic prediction data set with log;o (chlorophyll @) set to “missing” was created
with one observation for each decade, month, salinity zone, and salinity value. Water
temperature was computed as the seasonal average with station depth set to the
salinity zone average. Using GLM, the predicted value of log;, (chlorophyll a) was
obtained for each of these synthetic observations. In plots and output, these predic-
tions are labeled as:

GLM (10th salinity percentile) = high-flow prediction;
GLM (median salinity) = mid-flow prediction; and

GLM (90th salinity percentile) = low-flow prediction.
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Figure llI-2. Climate forcing of phytoplankton biomass as chlorophyll @ from aircraft
remote sensing data. Warm/wet, LTA, and cool/dry are predominant climatic conditions
for which LTA represents the long-term average (1989-2005).

Source: Miller and Harding 2006.

DERIVATION OF REFERENCE THRESHOLDS BASED ON
SPATIAL AND TEMPORAL VARIANCES

To complete the definition of chlorophyll a concentrations of the 1960s and 1970s
as reference concentrations, establishing a criteria threshold for each season/salinity
zone combination to use for criteria attainment assessment proved necessary (U.S.
EPA 2003a). The criteria threshold for chlorophyll ¢ is a concentration that should
rarely be exceeded by a “population” of chlorophyll a concentrations characterizing
healthy levels. When the population is unidimensional (e.g., the nutrient concentra-
tion in a wastewater treatment facility effluent), then one can obtain an upper
threshold based on the simple distribution of values in a “healthy population”
(Figure I11-3).

The 90™ percentile of this distribution might be chosen as the “criterion threshold”
to allow 10 percent noncompliance due to the expectation of a low level of naturally
occurring exceedances even in a healthy population (U.S. EPA 2003). A standard
technique to estimate distribution percentiles is assuming a mathematical form for
the distribution (e.g., a normal distribution for logarithm-transformed chlorophyll )
and estimating the percentile as some number of standard deviations above the mean.
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Figure IlI-3. Hypothetical log-normal distribution typical of chlorophyll a concentrations,
illustrating the relationship of the geometric mean and the criterion threshold set at the
90th percentile.

The 90th percentile of the normal distribution is 1.2815 standard deviations above
the mean.

When regulating “populations” distributed in both space and time, this simple
concept for assessing non-attainment must be extended to account for variability in
cach dimension. This extension adds some complexity to the mathematics, but the
fundamental concept remains the same: to set the criterion threshold a certain
distance above the mean concentration such that exceedance of that threshold
remains rare in a healthy population. In this case, the distance by which the threshold
must exceed the mean is a function of both the spatial and temporal variance compo-
nents, as described below.

To establish these criteria thresholds, one could assume the simple model:
Xjj = U+ 4 + by Equation 1

where:
u is the desired mean level of chlorophyll a (in log space);
a; is a random term for variation over time with variance ®?,;
b;; is a random term for variation over space with variance ®?; and
X;; 18 a logo chlorophyll a at time i and location j.

The variance of x; is ®2, +®2, = ®2 (Equation 2). The standard deviation of x;; is
sqrt(®?) = ® (Equation 3). It is common to allow an overall 10 percent exceedance
rate without declaring an assessment unit out of compliance (U.S. EPA 2003). Ten
percent of the x;; is expected to fall above u + 1.2815*®, for which 1.2815 is the 10th
percentile of the standard normal distribution. Assuming normality, a population
with spatial and temporal variances characterized by ®?, and ®%, with a mean
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1.2815*® below the threshold criterion will have an exceedance rate of 10 percent
over space and time. To illustrate this process, thresholds were computed for spring
and summer for three salinity zones using 1960s and 1970s mid-flow surface chloro-
phyll a concentrations as the “desirable” levels to attain (Tables III-2 and 1II-3).

The spatial and temporal variances from the ongoing Chesapeake Bay Water Quality
Monitoring Program data (1985-2004) were used to determine thresholds to apply
to the historical means. The 1960s and 1970s historical data were too limited in
spatial and temporal coverage to support these variance computations. The 1985 to
2004 monitoring program data, on the other hand, are more synoptic in design; each
field sampling cruise is completed in just a few days. Moreover, they are the prin-
cipal data that will be used to assess attainment of the chlorophyll a criteria.

The temporal and spatial variance terms in Tables III-2 and III-3 were completed
from mean square terms of the decadal model fitted to 1985-2004 chlorophyll a
concentration data from the Chesapeake Bay Water Quality Monitoring Program. In

Table I11-2. Surface chlorophyll a (chla) reference concentrations (ug-liter ') derived by computing an upper
threshold based on predicted surface mean logq (chlorophyll a) for the 1960s at mid-flow conditions.

Standard  Threshold Threshold

Salinity =~ Meanlog Geometric Temporal  Spatial  deviation  criterion  criterion
Season zone chla mean chla  variance  variance  logchla  log chla chla
Spring OH 0.768 5.87 0.0233 0.0658 0.2985 126 18.2
Summer OH 1.17 14.8 0.0233 0.0658 0.2985 1.66 457
Spring MH 0414 2.59 0.0233 0.0658 0.2985 0.905 8.03
Summer MH 0.863 7.29 0.0233 0.0658 0.2985 1.35 22.6
Spring PH 0.139 1.38 0.0233 0.0658 0.2985 0.630 4.26
Summer PH 0.218 1.65 0.0233 0.0658 0.2985 0.709 512

Table 1lI-3. Surface chlorophyll a (chla) reference concentrations (ug-liter ') derived by computing an upper
threshold based on predicted surface mean log, (chlorophyll a) for the 1970s at mid-flow conditions.

Standard  Threshold Threshold

Salinity =~ Meanlog Geometric Temporal  Spatial  deviation  criterion  criterion
Season zone chla mean chla  variance  variance  logchla  log chla chla
Spring OH 1.06 114 0.0233 0.0658 0.2985 1.55 35.3
Summer OH 1.24 174 0.0233 0.0658 0.2985 1.73 53.8
Spring MH 0.948 8.87 0.0233 0.0658 0.2985 144 27.5
Summer MH 0.955 9.01 0.0233 0.0658 0.2985 145 279
Spring PH 0.658 4.55 0.0233 0.0658 0.2985 1.15 14.1
Summer PH 0.734 542 0.0233 0.0658 0.2985 123 16.8
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this model, the Chesapeake Bay Program segment (U.S. EPA 2004, 2005) replaced
salinity zone while cruise replaced month relative to the model for the historical data.
The spatial variance term was taken directly from the mean square error (MS(error))
term and the temporal variance term computed from the cruise(season) mean square
term. The expected mean square obtained using the RANDOM statement of the GLM
program is:

EMS[CRUISE(season)] = Var(Error) + 38.505 Var[CRUISE(season)] Equation 4
The estimate of temporal variance is:

®?, = MS[month(season)] - MS(error)/38.505 Equation 5

DEPTH-WEIGHTED INTEGRATED WATER COLUMN
CHLOROPHYLL a

The analysis of historical chlorophyll a data included vertical chlorophyll a profiles,
supporting the use of integrated water column chlorophyll a as a measure of phyto-
plankton biomass. The rationale for this approach is the strong link of nutrient
loading to phytoplankton biomass that develops during the spring bloom of diatoms
(Malone 1992; Malone et al. 1996). The prevailing view is that the winter-spring
diatom bloom sequesters nutrients from freshwater rivers and other sources, and that
the timing, position, and magnitude of the bloom are sensitive to the variability of
freshwater flow that relates closely to climate (Adolf ¢t al. 2006; Miller and Harding
2006). Surface chlorophyll a data, collected using aircraft remote sensing and aggre-
gated by climatic conditions, illustrate the strong role of climate (see Figure 111-2).
The vertical chlorophyll a concentration profiles reveal strong seasonality, reflecting
the accumulation of diatom biomass in spring and subsequent sedimentation below
the pycnocline. The resultant below pycnocline phytoplankton biomass ultimately
brings about hypoxia (Malone 1992).

Sufficient historical data containing vertical chlorophyll a profiles were available to
conduct an analysis similar to the study of surface chlorophyll a above. As the Bay's
bathymetry strongly affects integral-water column chlorophyll a computed from
these profiles within a major salinity region, the integrated-water column chlorophyll
a were normalized to water column depth for each sampling site to take account of
the effect on the integral. This approach generated depth-weighted average chloro-
phyll a values for the same seasons and regions used to develop the criteria in Tables
ITI-2 and III-3 for surface chlorophyll a. Spatial and temporal variances for depth-
weighted average chlorophyll a were computed using Chesapeake Bay Water
Quality Monitoring Program data from 1985 to 2004. Tables III-4 and III-5 give
depth-weighted chlorophyll ¢ mcans in logarithmic space, back-transformed
geometric means, variances, and threshold concentrations for the 1960s and 1970s
for mid-flow conditions. Separate solutions for low- and high-flow conditions were
also calculated, as for surface chlorophyll a. Thresholds computed from depth-
weighted average chlorophyll a were typically lower than those in Tables III-2 and
I11-3. The polyhaline Chesapeake Bay proved the exception, partly due to the lower
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Table lll-4. Depth-weighted average chlorophyll a (dwachl) reference concentrations (ug-liter") derived by
computing an upper threshold based on predicted means for mid-flow 1960s data.

Geometric Standard  Threshold Threshold
Salinity ~ Meanlog ~ mean  Temporal  Spatial  deviation  criterion  criterion
Season zone dwachl dwachl  variance  variance log dwachl logdwachl  dwachl
Spring OH 0.551 3.56 0.0251 0.0404 0.2559 0.9723 9.38
Summer OH 0.906 8.05 0.0251 0.0404 0.2559 1.3270 21.2
Spring MH 0.299 1.99 0.0251 0.0404 0.2559 0.7202 325
Summer MH 0.617 4.14 0.0251 0.0404 0.2559 1.0384 10.9
Spring PH 0.222 1.67 0.0251 0.0404 0.2559 0.6430 4.40
Summer PH 0.492 3.10 0.0251 0.0404 0.2559 0.9124 8.17

Table 1II-5. Depth-weighted average chlorophyll a (dwachl) reference concentrations (ug-liter") derived by
computing an upper threshold based on predicted means for mid-flow 1970s data.

Geometric Standard  Threshold Threshold
Salinity ~ Meanlog ~ mean  Temporal  Spatial  deviation  criterion  criterion
Season zone dwachl dwachl  variance  variance log dwachl logdwachl  dwachl
Spring OH 0.980 9.54 0.0251 0.0404 0.2559 1.40 252
Summer OH 1.043 11.0 0.0251 0.0404 0.2559 1.46 29.1
Spring MH 1.081 12.1 0.0251 0.0404 0.2559 1.50 31.8
Summer MH 0.689 4.89 0.0251 0.0404 0.2559 1.11 12.9
Spring PH 0.873 7.46 0.0251 0.0404 0.2559 1.29 19.7
Summer PH 0.650 447 0.0251 0.0404 0.2559 1.07 11.8

spatial variance of the depth-weighted average compared to the spatial variance for
surface chlorophyll a.

Figure 1I-4 provides a graphical summary and comparison of model outputs for
surface chlorophyll a and depth-weighted average chlorophyll a from the historical
analysis for the three major salinity regions. The plots indicate that the 1960s and
1970s had lower surface chlorophyll a and depth-weighted average chlorophyll a in the
polyhaline Bay—the region most sensitive to nutrient loading variability (Harding et al.
2005). The 1960s showed the strong effect of prolonged low-flow conditions as a less-
ening of light limitation in the upper oligohaline Bay and as heightened nutrient
limitation in the lower polyhaline Chesapeake Bay. The 1970s highlighted the strong
effects of prolonged high-flow conditions (superimposed on historical increases of
chlorophyll ) as higher surface chlorophyll a and depth-weighted average chlorophyll
a in all salinity regions. The strong seasonality of both chlorophyll ¢ measures supports
separate spring and summer chlorophyll a reference concentrations.
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Figure llI-4. Geometric means of surface and depth-weighted chlorophyll a by the
oligohaline (OH), mesohaline (MH) and polyhaline (PH) salinity zones and decade
(1950s—2000s) for mid-flow conditions.

HISTORICAL CHLOROPHYLL a REFERENCE
CONCENTRATIONS

These historical analyses were undertaken to offer a spatial and temporal context for
developing numerical chlorophyll a criteria for Chesapeake Bay. The described
analyses drew upon extensive data spanning neatly six decades to quantify seasonal
regionally based chlorophyll a reference concentrations. Few coastal ecosystems in
the world, if any, have the data to support such analyscs. The trajectory over time of
chlorophyll a concentrations in Chesapeake Bay signifies increased nutrient loading,
making chlorophyll a an invaluable indicator. This indicator, however, is strongly
affected by climate. The challenge is to separate climatically induced variability
from long-term trends related to increased nutrient loading. This challenge was met
here using nearly six decades of data along with statistical modeling. The resultant
surface chlorophyll a and depth-weighted average chlorophyll a concentrations
based on 1960s thresholds represent chlorophyll a reference concentrations charac-
teristic of a more balanced Chesapeake Bay ecosystem.
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